Caloric restriction (CR) has become a popular recommendation to decrease body weight (BW) ([@B1]), achieve metabolic benefits, and potentially increase life expectancy ([@B2]--[@B4]). Although the benefits of weight loss are undeniable, the optimal method to achieve a healthy weight is the subject of continuing debate. Obesity is accompanied by many comorbidities ([@B5]), and it is widely accepted as a causal factor. A current hypothesis suggests that obesity provokes inflammation in adipose tissue ([@B6]), leading to the release of proinflammatory mediators into systemic circulation. Rodent studies suggest that consumption of a high-fat diet (HFD) leads to infiltration by T cells ([@B7]) and macrophages ([@B8]), which likely contributes to inflammation in adipose tissue and the development of obesity-associated diseases such as type 2 diabetes ([@B9]).

Alternative explanations for the obesity-related comorbidities are based on specific harmful effects of HFDs per se. High-fat foods induce stress in the intestinal epithelium ([@B10]) and promote inflammation by absorption of antigenic material from the gut ([@B11],[@B12]). Furthermore, HFD feeding increases reactive oxygen species production ([@B13]) that preceded obesity ([@B14]), suggesting that like sucrose and fructose, dietary lipids may contribute to obesity-associated diseases. In the present experiments we tested the hypothesis that obesity-associated disorders are caused by increased adipose tissue, as opposed to the obesogenic diet. To dissect these possibilities, we isolated body fat mass (FM) from fat intake using a "FM clamp" mouse model ([Fig. 1*A*](#F1){ref-type="fig"}). In related studies, we asked whether a history of obesity affects future energy metabolism. Published reports suggest that counter-regulatory mechanisms that develop during CR lead to enhanced metabolic efficiency and rapid weight regain ([@B15],[@B16]). We thus aimed to distinguish if this metabolic reprogramming is related to prior obesity, dietary fat intake, or having been calorically restricted ([Fig. 1*A*](#F1){ref-type="fig"}).

![*A*: Study design and FM clamping. *B*: FM was measured by nuclear magnetic resonance technology and did not differ between SD and FMC mice. *C*: BW of SD, HFD fed, and FMC mice was measured daily. Mice from the SD and HFD group were fed with SD or HFD ad libitum. Mice from the FMC group were fed defined amounts of HFD to match FM to the SD group. *D*: Absolute food intake was lowest in FMC mice (*P* \< 0.001). *E*: Caloric intake was similar in FMC and SD mice and highest in mice of the HFD group. All mice are male (*n* = 16 per group). All data are represented as mean ± SEM. ITT, insulin tolerance test; FI, food intake.](2734fig1){#F1}

RESEARCH DESIGN AND METHODS {#s1}
===========================

Animals. {#s2}
--------

Six- to 7-week- (FM clamp study) or 12-month-old (CR study) male, C57Bl/6J mice (Jackson Laboratories) were fed a standard diet (SD; D12329; 16.4 kcal% protein; 73 kcal% carbohydrate; 10.5% kcal% fat) or a matched HFD (D12331; 16.4 kcal% protein; 25.5 kcal% carbohydrate; 58.0 kcal% fat; Research Diets, New Brunswick, NJ). Mice were single or group-housed on a 12:12-h light-dark cycle (light on from 0600 to 1800 h) at 22°C with free access to water. All studies were approved by and performed according to the guidelines of the Institutional Animal Care and Use Committee of the University of Cincinnati.

FM clamping. {#s3}
------------

Mice in the SD and HFD groups had ad libitum access to food. Mice in the clamped group (FM clamped \[FMC\]) were fed HFD every day, 3 h after light onset. BW and food intake were measured daily with a laboratory scale (Metler, Toledo, OH). FM and lean mass were determined every other week using noninvasive nuclear magnetic resonance technology (EchoMRI, Houston, TX). Because FM was measured every other week, allocated food portions were adjusted daily based on the daily changes in BW.

CR study. {#s4}
---------

Lean (SD group), obese (HFD group), and FMC mice were generated as described above. Additionally, age-matched diet-induced obese (DIO) mice were partitioned into two CR groups, one fed SD diet and the other HFD. CR continued for 45 days, when both groups of CR mice had attained a mean FM comparable with that of the lean SD control group. All groups were then given ad libitum access to SD or HFD for the remainder of the experiment (58 days). At this time the SD mice were divided such that half remained on SD and the other half were switched to HFD.

Fasting-induced hyperphagia. {#s5}
----------------------------

All mice were fasted for 24 h on day 45 of the CR. Food was removed at 0900 h. At 0900 h the following day, mice were given free access to SD (SD and caloric restricted fed standard diet \[CR-SD\] groups) or HFD (HFD, FMC, and caloric restricted fed high-fat diet \[CR-HFD\] groups) and food intake was monitored for 24 h.

Energy expenditure and locomotor activity. {#s6}
------------------------------------------

Energy intake, expenditure, and home-cage activity were assessed using a combined indirect calorimetry system (TSE Systems). O~2~ consumption and CO~2~ production were measured every 45 min for a total of 120 h (including 12 h of adaptation) to determine the respiratory quotient (RQ) and energy expenditure.

Glucose and insulin tolerance tests. {#s7}
------------------------------------

Intraperitoneal glucose and insulin tolerance tests were performed by injection of glucose (2 g/kg, 20% wt/vol *d*-glucose \[Sigma\] in 0.9% wt/vol saline) or human regular insulin (1 unit/kg \[Lilly Humolog\] in 0.9% wt/vol saline) to 6-h fasted mice. Blood samples were collected immediately before and 15, 30, 60, and 120 min after injection. Blood glucose was determined with a TheraSense Freestyle Glucometer. C-peptide was measured via radioimmunoassay (Millipore, Billerica, MA) in plasma collected at the 30-min time point of glucose tolerance test (GTT).

Plasma parameters. {#s8}
------------------

Leptin, insulin, ghrelin, triglyceride, and cholesterol levels in 16-h fasted mice were measured at the termination of the study. TG and cholesterol were measured by enzymatic assay (Thermo Electron, Waltham, MA). Four lipoprotein pooled samples (0.35 mL) per group were subjected to fast-performance liquid chromatography (gel filtration on two Superose 6 columns connected in series. Leptin and insulin were quantified simultaneously via multiplex assay, and ghrelin was quantified via ELISA (Millipore).

Low-density gene array. {#s9}
-----------------------

Mice were fasted for 16 h and decapitated without anesthesia, and trunk blood and tissues were collected. Tissues were frozen on dry ice and stored at −80°C. RNA was isolated using the RNeasy Lipid Mini-Kit (Qiagen) and reverse transcription PCR was performed using SuperScriptIII, DNase, and anti-RNase treatment (all Invitrogen, Carlsbad, CA). Custom-made low-density gene arrays and single-gene quantitative PCR were performed according to the manufacturer's instructions on a 7900 real-time PCR machine (Applied Biosystems, Foster City, CA). Data were normalized to the housekeeping gene 18s and expressed as fold change.

Statistics. {#s10}
-----------

All data are represented as mean and SEM. One-way or two-way ANOVA with Bonferroni\'s multiple comparison post-test was performed as appropriate using GraphPad Prism version 5.0c (GraphPad Software, San Diego, CA). Statistical significance was assumed when *P* \< 0.05.

RESULTS {#s11}
=======

To test the hypothesis that increased body FM, rather than ingestion of excess lipid, is the predominant pathogenic effect of HFD feeding, we determined the metabolic phenotype of lean and obese mice that were chronically exposed to HFD. The ad libitum HFD group developed severe DIO, as expected, while leanness in FMC mice was maintained equivalent to SD mice. This allowed for separation of the metabolic consequences of excess dietary lipids (FMC group) from the effects of increased body fat induced by excess dietary lipids (HFD ad libitum group).

FM is dictated by caloric intake. {#s12}
---------------------------------

At study initiation all mice had identical BW ([Fig. 1*C*](#F1){ref-type="fig"}). Predictably, the HFD group gained BW quickly and achieved significant DIO within 14 weeks. FM of clamped mice did not differ from SD mice ([Fig. 1*B*](#F1){ref-type="fig"}). Food intake was lower in FMC mice than in SD controls, presumably because of the higher caloric density of the HFD ([Fig. 1*D*](#F1){ref-type="fig"}). However, caloric intake was similar in both lean groups and appreciably lower than HFD-fed mice ([Fig. 1*E*](#F1){ref-type="fig"}). These findings suggest that energy metabolism and food efficiency were not altered by exposure to the HFD per se. To test this possibility more directly, we analyzed energy expenditure.

FM clamping normalizes energy expenditure and enhances metabolic flexibility. {#s13}
-----------------------------------------------------------------------------

Energy expenditure and locomotor activity were measured using indirect calorimetry during week 14. Consistent with prior observations ([@B17]), EE was increased (*P* \< 0.0001) in the HFD group compared with the SD control group ([Fig. 2*A* and *B*](#F2){ref-type="fig"}). Intriguingly, EE of the FMC mice was similar to that of the SD control group, suggesting that HFD exposure per se did not compromise EE.

![FM clamping normalizes energy expenditure. Absolute (*A*) and average energy expenditure (*B*), RQ (*C*), and locomotor activity (*D*) of SD, HFD, and FMC mice was measured hourly. Mice from the SD and HFD group were fed with SD or HFD ad libitum. Mice from the FMC group were fed defined amounts of HFD to match FM to the SD group. All mice are male (*n* = 16 per group). All data are represented as mean ± SEM. \*\*\**P* \< 0.001.](2734fig2){#F2}

RQ ([Fig. 2*C*](#F2){ref-type="fig"}) of the HFD group did not change markedly between the light and dark cycles (0.69 ± 0.00), implying that fat oxidation was constantly high. Conversely, the RQ of the SD group averaged 0.82 ± 0.01 over the course of the day, reflecting increased carbohydrate oxidation. The RQ of the FMC mice varied greatly between the light and dark. During the light, FMC RQ was similar to that of the HFD group, suggesting fat oxidation. At the beginning of the dark phase, the mean RQ increased considerably, reaching levels similar to those of the SD group.

Total locomotor activity ([Fig. 2*D*](#F2){ref-type="fig"}) was comparable in the SD and FM-clamped groups, and both were higher than HFD mice. These data imply that body fat and/or adipose tissue--derived adipokines or other factors, rather than high proportion of fat in the HFD, may compromise both energy homeostasis and locomotor activity.

FM clamping improves glucose and insulin tolerance. {#s14}
---------------------------------------------------

Mice were challenged with GTT and insulin tolerance tests in week 13. Fasting blood glucose of the FM-clamped mice was slightly below all other groups, and, as anticipated, DIO mice were glucose intolerant ([Fig. 3*A* and *C*](#F3){ref-type="fig"}). Glucose tolerance was markedly better in the FMC mice than in the HFD group. Surprisingly, glucose tolerance was also markedly improved as compared with the SD group ([Fig. 3*A* and *C*](#F3){ref-type="fig"}). This improved glucose homeostasis was matched by enhanced insulin sensitivity in FMC mice ([Fig. 3*B*](#F3){ref-type="fig"}). Analysis of the rate of disappearance in the first 30 min of the challenge revealed similar sensitivity in SD and FMC mice, which were both improved over the HFD group ([Fig. 3*D*](#F3){ref-type="fig"}). Thus, consumption of HFD has beneficial effects on glucose and insulin responsiveness, when FM is constrained at a normal level.

![FM clamping improves glucose tolerance and insulin sensitivity. Glucose tolerance was assessed at week 13 via intraperitoneal GTT. After 6 h of fasting mice were injected with 2.0 g/kg glucose. FMC mice had significantly lower blood glucose excursion (*A*) and area under the curve (AUC; *C*) compared with lean SD and obese HFD mice. Insulin tolerance was assessed at week 13 via intraperitoneal insulin challenge (1 unit/kg). Insulin tolerance was significantly improved in FMC mice as compared with HFD mice when assessed by either blood glucose excursion (*B*) or rate of disappearance (K~d~) over the initial 30 min (*D*). All data are represented as mean ± SEM. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](2734fig3){#F3}

FM clamping prevents obesity-associated inflammation. {#s15}
-----------------------------------------------------

After 14 weeks of FM clamping, mice were killed and tissues collected to gain mechanistic insight into the beneficial metabolic effects of FM clamping. HFD mice exhibited elevated plasma leptin and insulin, but no change in ghrelin ([Fig. 4*A--C*](#F4){ref-type="fig"}). Expression of key metabolic genes in skeletal muscle, hypothalamus, liver, and adipose tissue was conducted. Markers of both fatty acid and glucose transport were suppressed in the skeletal muscle of FMC mice as compared with the HFD group ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1621/-/DC1)). However, two genes recently implicated in enhanced glucose transport, Nr4a3 and Ucp3, were both elevated in FMC as compared with both control groups ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1621/-/DC1)). In adipose and liver, as in skeletal muscle, canonical regulators of glucose homeostasis, glucose transporter expression in epididymal WAT, and gluconeogenic genes of the liver were not different between groups ([Supplementary Tables 2 and 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1621/-/DC1)). Epididymal WAT and liver of HFD mice exhibited increased gene expression levels for tumor necrosis factor-α (TNFα), cluster of differentiation 68 (CD68), integrin αx (ITGAX), chemokine (C-C motif) ligand 2, toll-like receptor 4, glutathione *S*-transferase A2, and heme oxygenase 1. FM clamping dramatically prevented expression of these markers in both liver ([Fig. 4*D*](#F4){ref-type="fig"}) and WAT ([Fig. 4*E*](#F4){ref-type="fig"}), resulting in levels similar to those in SD mice. Additionally, hypothalamic expression of IL-6 and IKKβ were also suppressed as compared with that in HFD mice ([Fig. 4*F*](#F4){ref-type="fig"}). These data suggest that DIO-associated inflammation is related to expanded FM and not dietary lipids. Furthermore, they provide additional evidence for central and peripheral inflammation as a component of diet-induced glucose intolerance.

![FM clamping rescues hyperinsulinemia and hyperleptinemia and normalizes expression of inflammatory markers. Plasma hormone levels measured after 16-h fast at week 14 (*A*--*C*) are shown. All mice are male (*n* = 14 to 15 per group). Expression of inflammatory markers (*D*), liver (*E*), epididymal white adipose tissue (eWAT), and (*F*) hypothalamic tissues was suppressed in FMC mice. All mice are male (*n* = 8 per group). All data are represented as mean ± SEM. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](2734fig4){#F4}

Post-obesity studies. {#s16}
---------------------

To investigate the metabolic impact of prior obesity, cohorts of DIO mice were placed on a defined CR paradigm and fed either HFD or SD until FM was reduced to that of otherwise matched SD mice. Ad libitum HFD and SD and FMC mice were maintained as controls. CR mice received 50% of calories consumed on average by the SD ad libitum group. Within 1 month mice subjected to CR lost excess BW ([Fig. 5*A*](#F5){ref-type="fig"}) and FM ([Fig. 5*B*](#F5){ref-type="fig"}), independent of the diet. Lean mass of previously obese mice remained significantly greater than that of the always-lean controls ([Fig. 5*C*](#F5){ref-type="fig"}).

![CR restores leanness independent of the diet. *A*: BW of mice that were fed with SD or HFD ad libitum in comparison with calorically restricted mice on SD or HFD. The SD and HFD groups were fed ad libitum, whereas the groups CR-SD and CR-HFD were calorically restricted and fed 50% of calories (given as SD or HFD) that were consumed on average in the SD group. FMC mice were fed defined amounts of HFD to match FM to the SD group. FM (*B*) and lean mass (*C*) curves of mice fed ad libitum or that were calorically restricted are shown. *D*: intraperitoneal GTT conducted after 6 h of fasting at day 45 of CR. *E*: Area-under-the-curve (AUC) analysis of GTT. *F*: C-peptide secretion at 30 min after intraperitoneal glucose challenge. All mice are male (*n* = 10--15 per group). All data are represented as mean ± SEM. Lowercase letters above bars (*A*--*F*) denote statistically similar (*P* \> 0.05) groups.](2734fig5){#F5}

At day 44, 10 days after achieving FM levels equal to those of the SD-fed mice, all mice were subjected to a GTT and plasma lipids were analyzed. Although BW and FM were the same in all lean groups (SD, FMC, CR-SD, and CR-HFD), CR mice were most glucose tolerant as reflected by glucose excursion ([Fig. 5*D*](#F5){ref-type="fig"}) and area-under-the-curve analysis ([Fig. 5*E*](#F5){ref-type="fig"}). Similar to FMC mice, glucose tolerance was greatest in the CR-HFD group, indicating that dietary fat might have a beneficial effect on glucose tolerance when FM is strictly maintained. Furthermore, assessment of C-peptide 30 min after glucose challenge suggests that this enhanced tolerance occurs in the presence of normal insulin secretion ([Fig. 5*F*](#F5){ref-type="fig"}). Analysis of plasma from fasted mice revealed elevated plasma leptin and trend for increased insulin in HFD mice after 16 h fast, with similar levels in all other groups ([Fig. 6*A* and *B*](#F6){ref-type="fig"}). A complete ablation of diet-induced hypercholesterolemia cholesterol was observed in FMC and CR mice ([Fig. 6*C*](#F6){ref-type="fig"}). Fast-performance liquid chromatography analysis of cholesterol identified a cholesterol profile similar to that of SD mice and greatly reduced from those of HFD mice ([Fig. 6*D*](#F6){ref-type="fig"}). Furthermore, CR mice fed a HFD and FMC mice exhibited a slight increase in the LDL and HDL peaks compared with SD-fed mice. Intriguingly, when compared with SD fed mice, CR-SD mice had a marked decrease in the main HDL peak and in the shoulder, where HDL-1 and LDL elute. In addition to these effects on cholesterol, a trend for normalization of triglycerides ([Fig. 6*E*](#F6){ref-type="fig"}) was observed in CR, but not FMC mice. Together these data suggest that CR after prior obesity induces beneficial effects on glucose and lipid metabolism independent of FM.

![CR normalizes plasma cholesterol. Plasma leptin (*A*) and insulin levels (*B*) measured after 16-h fast at day 44 are shown. Total plasma cholesterol (*C*), cholesterol profile (*D*), and total plasma triglycerides (*E*) of mice that were fed with SD or HFD ad libitum in comparison with FMC or CR-SD or CR-HFD are shown. All mice are male (*n* = 6--10 per group). All data are represented as mean ± SEM. \**P* \< 0.05; \*\*\**P* \< 0.001.](2734fig6){#F6}

CR induces persistent hyperphagia leading to rebound of obesity. {#s17}
----------------------------------------------------------------

To test if CR disturbs metabolic programming and consequently facilitates the rebound of obesity, we measured fasting-induced hyperphagia and BW gain during ad libitum feeding. After 45 days of CR, both CR and control mice were fasted for 24 h. All mice were then given free access to SD or HFD, and food intake was monitored for 24 h. SD-fed control mice consumed the least amount of calories after the fast ([Fig. 7*A*](#F7){ref-type="fig"}). HFD-fed mice ate slightly, but not significantly, more than the SD control group. Caloric intake in FMC mice was significantly elevated over SD mice; yet this was not associated with expression of orexigenic signals in the hypothalamus ([Fig. 4*F*](#F4){ref-type="fig"}). CR mice ate significantly more calories after food deprivation than all other groups. This effect was independent of the diet since the CR-SD group ate the same amount of calories as the CR-HFD group after refeeding.

![CR induces persistent hyperphagia. *A*: At day 45 CR was ended and mice of all groups were fasted for 24 h. After the fast mice were given free access to SD or HFD and food intake was measured after 15 h. *B*: After the fasting-induced hyperphagia experiment mice were allowed to eat ad libitum to study rebound of obesity. Additional control groups (FMC-SD and previously SD-fed ad libitum and switched to HFD ad libitum \[SD-HFD\]) were introduced. FMC-SD mice were previously fed HFD and were switched to SD, whereas SD-HFD mice were previously fed SD and were switched to HFD. *C*: BW curves of the ad libitum eating period. *D*: FM during the period of ad libitum eating. All mice are male (*n* = 7 to 8 per group). All data are represented as mean ± SEM. Lowercase letters denote statistically similar (*P* \> 0.05) groups.](2734fig7){#F7}

After CR was ended, previously obese CR mice were given HFD ad libitum to characterize the effects, if any, on return to obesity. SD and FMC groups were split into two ad libitum groups each, with half allowed to consume SD and half HFD. These groups were introduced to control for feeding behavior in mice without prior obesity. SD mice maintained on the SD diet displayed relatively constant food intake and BW for the duration of the study ([Fig. 7*B* and *C*](#F7){ref-type="fig"}). Food intake significantly increased in SD and FMC mice switched to ad libitum HFD, leading to concomitant increases in BW and FM ([Fig. 7*B--D*](#F7){ref-type="fig"}). These effects, however, were intermediate to previously obese CR groups. Previously, CR HFD-fed mice increased food intake, achieving levels similar to those of obese HFD-fed mice ([Fig. 7*B*](#F7){ref-type="fig"}). This exaggerated hyperphagia led to accelerated BW gain such that CR-HFD mice attained BWs and FMs similar to those of DIO mice after ∼50 days of free eating ([Fig. 7*B--D*](#F7){ref-type="fig"}). CR-SD mice increased food intake ([Fig. 7*B*](#F7){ref-type="fig"}) and FM ([Fig. 7*D*](#F7){ref-type="fig"}) in a similar manner to CR-HFD mice; however, initial BW gain was delayed ([Fig. 7*C*](#F7){ref-type="fig"}). The rapid accumulation of FM was associated with a deterioration of glucose tolerance, especially in the FMC-HFD group ([Fig. 8*A* and *B*](#F8){ref-type="fig"}). These data collectively suggest that prior obesity induces a drive to defend the BW achieved before CR, and this phenomenon is independent of diet.

![Rebound from CR induces glucose intolerance. Intraperitoneal GTT (*A*) and area-under-the-curve (AUC) analysis (*B*) are shown. GTT was conducted after 6 h of fasting following 58 days of rebound. All mice are male (*n* = 6--10 per group). All data are represented as mean ± SEM. \*\**P* \< 0.01.](2734fig8){#F8}

DISCUSSION {#s18}
==========

To distinguish between the metabolic consequences of dietary fat intake and increased body fat, we studied three groups of age-matched, randomized male C57BL/6J mice. The first was fed ad libitum with a low-fat diet (SD), matched in protein and micronutrient composition to the HFD. The second consisted of mice that had ad libitum access to HFD, and the third (FM-clamped mice) was fed the calculated amount of HFD each day that would effectively "clamp" their FM to that of the SD group. It is noteworthy that this did not require decreasing caloric intake of FMC mice below that of the SD mice. This clamping technique revealed that BW and body composition is primarily determined by calories ingested and not by the source of calories. In the present paradigm, ingestion of a high proportion of dietary fat per se did not favor accumulation of excess body fat. Rather, DIO occurred only when excess calories were consumed, as occurred in the HFD ad libitum group.

It has been reported that as rodents become obese, total EE also increases ([@B15],[@B16],[@B18]). Consistent with these findings, we found that EE of DIO mice was increased and that this effect was related to the amount of body fat, i.e., exposure to HFD in the FMC group resulted in EE that was similar to SD mice. Therefore, implying that increased ingestion of fat, in and of itself, does not necessarily have adverse effects on energy homeostasis when BW, FM, and/or caloric intake are maintained at normal levels. Moreover, clamping FM to that of normal weight control mice restored metabolic flexibility. Metabolic flexibility describes the ability of an organism or tissue to adapt to substrate availability by switching between the oxidation of carbohydrates and lipids ([@B19]). As reflected by the RQ, FMC mice were able to alternate between carbohydrate and fat oxidation, whereas mice fed the HFD ad libitum mainly used fat as the primary fuel source. This fluctuation of fuel choice within the FM-clamped group was likely related to the time of feeding. Although the two control groups had access to food around the clock, FMC mice were fed only once a day, 3 h after light onset. These FMC mice typically ate their daily ration within 3 h, leaving them fasted for the remaining 21 h of the day. This pattern presumably explains why the RQ decreased during the beginning of light phase when these mice were maximally fasted. Their RQ remained low during food ingestion but began to increase around 3 h after feeding. This suggests that they preferentially used fat as the primary fuel source to most efficiently use stored energy. However, when carbohydrates became available during the prandial period, these mice were able to quickly switch to carbohydrate oxidation.

It is noteworthy that exposure to limited amounts of HFD had no adverse effect on glucose homeostasis. Conversely, and perhaps counter-intuitively, it significantly improved glucose tolerance and insulin sensitivity. This finding suggests that in moderation dietary lipids are beneficial to glucose tolerance. It should be noted that both standard and HFD contained high amounts of sucrose. However, mice in the FMC group consumed less sucrose than SD mice because the HFD contains more fat than sucrose and the absolute caloric intake in both groups was similar. In fact, carbohydrate consumed in SD mice was about three times greater than that in FMC mice during the study period.

Carbohydrates, including sucrose, play a role in the pathogenesis of insulin resistance and are essential to induce hyperglycemia ([@B20]). Meta-analysis in humans ([@B21]) showed that increased consumption of sugar-sweetened beverages is strongly associated with obesity and type 2 diabetes. A proposed mechanism for the diabetes development after high-sugar consumption is pancreatic β-cell dysfunction and inflammation ([@B22]). Moreover, increased intake of fructose-sweetened beverages stimulates visceral adiposity and hepatic de novo lipogenesis ([@B23]).

To identify potential mechanisms responsible for the improved glucose homeostasis of FMC mice, we measured candidate genes in liver, skeletal muscle, hypothalamus, and white adipose tissue. Many of the expected regulators of glucose homeostasis were not differentially expressed. However, altered expression of two recently described modulators of glucose uptake, Nr4a3 and Ucp3, was identified in skeletal muscle. Intriguingly, both Nr4a3 ([@B24]) and Ucp3 ([@B25]) enhance insulin signaling, resulting in increased glucose uptake. Likewise, cytokine expression in liver was significantly increased in DIO mice. This effect is likely influenced by the amount of body fat and not the ingestion of fatty food per se since expanding body fat increases markers of inflammation ([@B26]). In contrast, mice fed HFD, but with clamped FM, had markers of inflammation comparable with that of SD mice. Therefore, a possible explanation for the preservation of glucose tolerance in FMC mice despite high-fat feeding could be the absence of inflammation. Our group has recently shown that DIO induces hypothalamic inflammation in rodents and humans after only 4 weeks exposure to HFD ([@B27]). This HFD induced inflammation results in neuronal damage at the arcuate nucleus of the hypothalamus and possibly contributes to diabetogenesis. This hypothalamic inflammatory response to HFD is mediated by activation of Jnk ([@B28]) and the IKKβ/NF-κB pathway ([@B29]). It is noteworthy that we found that hypothalamic IKKβ expression is not upregulated in the HFD group but significantly downregulated in FMC mice. Thus, reduced activation of the hypothalamic IKKβ/NF-κB pathway could play an important role in not only maintaining, but further improving, insulin sensitivity of FMC mice compared with SD- and HFD-fed mice.

After severe CR, all mice underwent the anticipated acute period of hyperphagia relative to nonrestricted mice. However, CR mice that had previously been obese exhibited significantly greater hyperphagia than all other groups, including the FM-clamped group. This finding indicates that individuals in a postobese metabolic state are reprogrammed to favor relative overeating and rapid weight regain. The susceptibility of weight-reduced subjects to hyperphagia and regain of lost weight is well known and implicated in the obesity rebound ([@B30]). Studies in mice highlight that the magnitude of hyperphagia after CR is not proportional to the duration of restriction, indicating that hunger does not diminish during the time course of CR ([@B31]). However, in our paradigm, the degree of weight regain seems to be influenced in large part by the degree of prior obesity and not by the CR per se. The never-obese FMC mice that can be considered as mildly CR for a long period of time best depicted this effect. These mice responded with significantly less hyperphagia than mice with a history of obesity. Therefore, prior obesity, rather than CR, is likely to contribute a greater component of the drive to overeat. This finding could be explained by the relative leptin deficiency of weight-reduced previously obese mice. Substantial weight loss leads to a reduction in leptin concentrations beyond that predicted by loss of FM ([@B32]).

This drive to overeat may be directly related to the propensity for quick rebound in previously obese individuals. It is of interest, however, that prior obesity may also result in beneficial glucose metabolism. Furthermore, prior obesity also leads to changes in lipoprotein profiles that vary dependent on the diet consumed. Ad libitum consumption of a HFD after CR seems to have a beneficial effect on lipoprotein metabolism since it considerably normalizes the profile. In contrast, there was a marked reduction of HDL cholesterol levels in mice changed to the low-fat SD after CR compared with mice that had always been fed the SD. Previous studies with mice overexpressing scavenger receptor class B type 1 in liver demonstrated increased reverse cholesterol transport and reduced HDL cholesterol levels ([@B33]), resulting in reduction of atherosclerosis ([@B34]). Hence, consuming a low-fat diet after CR may have beneficial effects on atherogenesis independent of increased HDL. These observations in both FM-clamped and previously obese mice suggest that previously unknown benefits of mild CR, especially in the context of prior obesity. Taken together, these data suggest that CR from an obese state provides metabolic benefits, including improved glucose and lipid homeostasis. Furthermore, these benefits are equally observed when restricted on a HFD or low-fat diet. However, the data also indicate that CR (or pharmaceutical intervention) may have to be continued lifelong to prevent consequences of chronically altered metabolic programming, which may lead to an even worse state of metabolic disease.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-1621/-/DC1>.

This work was supported by National Institutes of Health Grant R01-DK-077975, Neuroendocrine Regulation of Adipocyte Metabolism (M.H.T.), and the University of Cincinnati Training Program in Neuroendocrinology of Homeostasis Grant T32-DK-059803 (K.M.H.).

M.H.T. is a consultant for Roche Pharmaceuticals and receives research funds from Roche. No other potential conflicts of interest relevant to this article were reported.

H.K. and K.M.H. were responsible for the conception, implementation, and design of the study; the analyses and interpretation of data; and drafting and critically revising the article. S.M.H. was responsible for interpretation of data and drafting and critically revising the article. A.F.-R. was responsible for the implementation of the study and the analyses and interpretation of data. J.H., W.A., N.O., E.D., and R.K. were responsible for the implementation of the study. S.C.W., T.D.M., J.S., D.P.-T., and P.T.P. were responsible for interpretation of data and drafting and critically revising the article. M.H.T. was responsible for the conception and design of the study, the analyses and interpretation of data, and drafting and critically revising the article. All authors approved the final version of the manuscript to be published. K.M.H. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
